Phenotypic diversity, or disparity, can be explained by simple genetic drift or, if functional 20 constraints are strong, by selection for ecologically relevant phenotypes. We here studied 21 phenotypic disparity in head shape in aquatic snakes. We investigated whether conflicting 22 selective pressures related to different functions have driven shape diversity and explore 23 whether similar phenotypes may give rise to the same functional output (i.e. many-to-one 24 mapping of form to function). We focused on the head shape of aquatically foraging snakes as 25 they fulfil several fitness-relevant functions and show a large amount of morphological 26 variability. We used 3D surface scanning and 3D geometric-morphometrics to compare the 27 head shape of 62 species in a phylogenetic context. We first tested whether diet specialization 28 and size are drivers of head shape diversification. Next, we tested for many-to-one mapping by 29 comparing the hydrodynamic efficiency of head shapes characteristic of the main axis of 30 variation in the dataset. We 3D printed these shapes and measured the forces at play during a 31 frontal strike. Our results show that diet and size explain only a small amount of shape variation.
Introduction 38
The past few decades have shown a growing interest in understanding of the origins and 39 structure of morphological diversity (for a review see Losos & Mahler, 2010; Wainwright, 7 of each shape to assess whether morphological disparity is associated with a functional 137 convergence.
138

Material & Methods
139
Specimens 140 We scanned the head of 316 snakes belonging to 62 species of snakes that consume 141 elusive aquatic prey (e.g. fish, amphibians, crustaceans…) using a high-resolution surface 142 scanner (Stereoscan3D Breuckmann white light fringe scanner with a camera resolution of 1.4 143 megapixels) at the morphometrics platform of the Muséum National d'Histoire Naturelle, Paris 144 ( Fig. 1 , Supplementary Material 1 for a list of specimens). Only specimens with a well-145 preserved head and closed mouth were scanned to allow shape comparisons. We chose the 146 species to cover the diversity of aquatic snakes across the phylogeny (Pyron & Burbrink, 2014) . 147 The phylogenetic tree of Pyron & Burbrink (2014) was pruned in Mesquite 3.03 (Maddison & 148 Maddison, 2015) ( Fig. 1) . We described the diet of each species based on the available literature 149 and attributed a main prey shape to each species depending on the length and shape of the 150 maximal cross-section of the prey. We defined two categories: elongated prey are the items 151 with a nearly circular cross-section and a body length at more than twice the size of the longest 152 dimension of the cross-section (e.g. eels, gobiid fish, caecilians, tadpoles, snakes); bulky prey 153 have either a non-circular cross-section or a short, stout body (e.g. flattened fish, anurans) or 154 represent a manipulation challenge for snakes (e.g. crustaceans) ( Fig. 1, Supplementary   155 Material 1 for references and details on the attribution of prey shape). of the preferred prey of the 62 selected species (oval: elongated prey, square: bulky prey; see 159 Supplementary Material 1 for references). Geometric morphometrics 161 We created a template consisting of a set of 921 landmarks with 10 anatomical 162 landmarks, 74 semi-landmarks on curves corresponding to anatomical features and 837 surface 163 semi-landmarks (Fig. 2) . We manually placed all the landmarks on the template (anatomical, 164 curve, and surface landmarks), and only the anatomical landmarks and curve semi-landmarks 165 on all specimens using the Landmark software (Wiley et al., 2005) . We ensured the reliability 166 and repeatability of the landmark positioning (see Supplementary Material 2). Next, the surface 167 semi-landmarks were projected on each specimen, and both curve and surface semi-landmarks 168 were relaxed and slid by minimizing the bending energy (Gunz & Mitteroecker, 2013) using 169 the 'Morpho' package (Schlager, 2017) . We then obtained a consensus shape for each species 170 by performing a Generalized Procrustes Analysis (GPA) for symmetrical shapes on all the 171 specimens of each species using the function 'procSym' of the 'Morpho' package (R script 172 available in Supplementary Material 3). Finally, we performed another GPA on all the species 173 consensus shapes using the 'geomorph' package (Adams, Collyer, & Kaliontzopoulou, 2019) 174 to ensure that all the consensus shape are in the same morphological space. We used Procrustes 175 coordinates as the shape variable to run the statistical analyses. semi-landmarks (N=837; green) . 179 Statistical analyses 180 We estimated the phylogenetic signal in the head shape of snakes by using the 181 multivariate version of the Κ-statistic: Κmult (Adams, 2014a) using the 'geomorph' package.
182
The statistical significance of the Kmult was obtained by running 1000 simulations. The Kmult 183 indicates how much closely related species resemble one another (Adams, 2014a; Blomberg, 184 Garland, & Ives, 2003) . To test the impact of diet and allometry on the head shape of snakes, 185 we performed a phylogenetic MANCOVA using the function procD.pgls in 'geomorph' 186 (Adams, 2014b). We used the Procrustes coordinates as response variable, the prey shape as 187 cofactor and the log-transformed centroid size as a covariate. As the body length of the species 188 (snout-vent length) was strongly correlated with the centroid size (Pearson's correlation: df= 189 60, t= 9.03, P<10 -12 , R=0.75), we only used the centroid size to test for allometry. We tested 190 for an interaction between size and diet by adding interactions to the model. We assessed the 191 statistical significance of the variables by using 10000 simulated datasets obtained by 192 permuting the phenotypic data across the tips of the phylogeny. We extracted the shapes 193 associated with allometry (named 'smaller' and 'larger') by using the function shape.predictor 194 in 'geomorph' (Adams, 2014b) . The shapes associated with the different groups (named 'bulky' 195 and 'elongated') were obtained by performing a GPA on the species belonging to each dietary 196 group. We extracted the resulting consensus along with their centroid sizes. Then, we 197 performed another GPA on the rescaled consensus of the groups to obtain the models in the 198 same morphospace. We then generated meshes from the different configurations using To compare the respective contribution of diet and size on the overall shape variation, we 201 calculated the sum of the distances between corresponding landmarks of the extreme shapes of 202 11 each deformation (i.e. bulky to elongated eater, smaller to larger species and PC1min and 203 PC1max). As we know the percentage of variance explained by the deformation along PC1 (i.e. 204 54.6%), we calculated the percentage of the overall variance represented by the shape 205 deformation associated with each factor.
206
Because the shape variability might be structured by other factors than diet and size, we To test our hypothesis of many-to-one mapping of form to function, we characterized 225 the hydrodynamic profile of five head models that best describe the main axis of variability in 226 12 our dataset. Thus, we chose to work on the extreme shapes described by the first two PCs, as 227 these components represent 65.1% of the overall head shape variability, and the mean shape 228 ( Fig. 3 & 4 ). PC1 represents more than 54.6% of the variability and separates species with long 229 and thin heads on its negative part from species with bulkier and shorter heads on its positive 230 part ( Fig. 3 ). PC2 represents 10.5% of the variability and separates species having a horizontally 231 flattened head from species with a more circular head ( Fig. 3) . Material 5 for detailed description, Fig. 4a ). To avoid the separation of the flow due to a sharp 245 end, we elongated the rear part of the head by 8cm. We 3D printed the five models using a 246 Stratasys Fortus 250 MC 3D printer with ABS P430 as material. was generated using the function phylomorphospace in 'phytools' (Revell, 2012) .
256
Experimental setup 257 To characterize the hydrodynamic profile of the models, we measured the forces opposing the 258 impulsive motion of a snake during a frontal strike maneuver ( Fig. 4b , Supplementary Video 259 6). We used the same protocol as in Segall et al., 2019 to be able to compare our results with 260 theirs. The snake models were attached to the mobile part of an air-bearing rail by a force sensor 261 (FUTEK LSB210+/-2 Lb). Consequently, when the mobile part moves, the model pushes on 262 the sensor, which records the axial force applied (Fig. 4b & c ). To mimic a strike, we positioned 263 two springs on each side of the mobile part of the rail that were manually compressed against 264 a vertical plate and then suddenly released, producing the impulsive acceleration. We applied 265 14 different compressions to the spring to generate a range of strike velocities and accelerations. 266 We set a position sensor (optoNCDT1420, Micro-Epsilon) at the end of the track to record the 267 position of the cart, and calculated the kinematics (i.e. velocity ( ) and the acceleration ( ) ) 268 of each strike by derivation of the position using Eq (1) and Eq (2) (Fig. 4b. & c) . (3)).
286
Drag and added mass coefficients 287 Any object accelerated in a fluid undergoes three forces that oppose the motion: the 288 steady drag ( ), the acceleration reaction ( ) and the solid inertia of the body (Brennen, 289 1982). The force measured on our model by the sensor is the resulting force of these three 290 components and can be expressed as follows (Segall et al., 2019; Vogel, 1994) :
where  is the density of water, ( ) the velocity at the instant of interest, ( ) is the acceleration 294 of the strike, and , m, , are respectively the projected frontal surface area, the mass and the 295 volume of the models (Table 1) and , are respectively the drag and added mass 296 coefficients.
297
We calculated the drag coefficient of each model by solving (4) when the acceleration 298 is null and = . When = 0, the force measured by the sensor is only the steady drag; 299 thus = . The force reaches a plateau, but as the signal is oscillating, we took the average 300 value of this plateau as a measure of the steady drag force (Fig. 4c ). Then, we calculated the The term 2 / was plotted against ² and the linear regression coefficient corresponds to 304 the drag coefficient of the models (Supplementary Material 7) . This representation allows to 305 visualize the experimental data and to check the consistency of the measurement. The Reynolds 306 number range of our experiments is 10 4 -10 5 which is consistent with previous observations 307 (Webb, 1988) .
308
The added mass coefficient of each model, , was calculated at instant when = 309 as it corresponds to ( ) = :
where ( ) is the instantaneous drag. We named the numerator of Eq (5) 1.36.10 -3 1.17.10 -1 1.09.10 -4 Mean 1.44.10 -3 6.8.10 -2 6.90.10 -5 PC2min 1.51.10 -3 7.10 -2 7.16.10 -5 PC2max 1.42.10 -3 6.7.10 -2 6.88.10 -5 The head shape of snakes showed a significant phylogenetic signal (P = 0.001, Kmult 323 = 0.37). Both prey shape, size, and the interaction between the two factors show a significant 324 impact on head shape (D-PGLS: Pprey = 0.008, Psize = 0.002, Pprey*size = 0.003). Allometry and 325 diet respectively represent 8.4% and 4.1% of the overall variation in our dataset, which is close 326 to the R-square coefficients given by the D-PGLS for each factor (i.e. diet: 7.6%, size: 5.6%).
327
Both our method and the D-PGLS R-squared assume that landmarks evolved independently 328 from each other, which is unlikely. To our knowledge, there is no other method available to 329 calculate the contribution of a factor to the overall shape variability, and despite the fact that 330 these methods could be improved, they are still informative regarding their respective 331 contribution to overall shape variability and allow us to compare these two factors.
332
In snake species that prefer bulky prey, the region between the eyes and the snout is enlarged 333 compared to elongated-prey eating snakes (Fig. 5) . The upper jaw is slightly enlarged at its rear 334 part for bulky prey eaters whereas the lower jaw appears more robust in elongated prey eaters.
335
The rear part of the head is enlarged in elongated prey eaters, especially on the sides, resulting 336 in a more tubular shape while the bulky prey eaters show a reduction of the head girth in this 337 region. The eyes of elongated prey eaters are also smaller (Fig. 5 ). of the two shapes, c. elongated prey eaters shape, d. bulky prey eaters shape. 344 The shape variation due to allometry is characterized by larger species having an elongated 345 snout and a smaller head-neck transition area, which gives them an overall more slender head 346 compared to smaller species (Fig. 6) . The rear part of the head in smaller species is bulkier 347 whereas the front part is narrower, providing them with a head shape that is more triangular.
348
The upper jaw is wider at its rear in larger species whereas the mandible is bulkier and shorter 349 in smaller species. The eyes of smaller species are also smaller (Fig. 6) . The shape variation 350 range explained by diet is smaller than the variation explained by the allometry (Fig. 5a & Fig.   351 6a, scale values). Bulky-prey eaters have a wider range of head sizes than elongated-prey eaters but overall, snake 358 species that specialize in elongated prey have smaller heads (Fig. 7) . The interaction between 359 size and dietary preference highlighted in the linear model suggests that elongated prey eating 360 species have smaller heads and a shape that is a combination between Fig. 5c and Fig. 6c . which is visible in the morphospace (Fig. 3) . The variability in head shape is mostly carried by 367 "outlier" species.
368
Hydrodynamic profile 369 The characteristics of our simulated strikes fit within the range of velocity, acceleration 370 and duration of the strikes observed in living snakes ( : real snake = 0. Kardong, 2002; Vincent et al., 2005) ; duration of the acceleration: real snake: 0.02-0.11 (Alfaro, 374 2002 (Alfaro, 374 , 2003 ; our experiments: 0.05 -0.18 s).
375
The shapes representing the maxima of the two PCs (PC1max, PC2max) have a smaller 376 added mass coefficient ( ) and a smaller drag coefficient ( ) than the shapes corresponding 377 to the minima (PC1min, PC2min) (Fig. 8) . In the present study we investigated the structure and functional implications of morphological 391 variability in a group of species that face strong environmental constraints. First, we looked at 392 the relationship between morphology and functionally relevant biological traits (i.e. diet and 393 size) and we demonstrated that only a small part of the shape variability is explained by the 394 considered factors. Diet and size contribute to the morphological variation to a different extent; 395 size having a larger impact on shape than the type of prey eaten. The impact of the interaction 396 between size and diet on the head shape is not easy to interpret, but elongated prey eater tends 397 to have small heads while bulky prey eater shows a broader range of size. The deformation 398 patterns associated with diet and allometry (Fig. 5a,b . and Fig. 6a,b.) are similar, but diet shows only a small amount of the shape disparity.
406
The phylogenetic signal in our dataset is less than 1 suggesting that Brownian Motion 407 is not the best evolutionary model, and that a selective regime might better explain the shape 408 variability in our dataset. While Revell and colleagues warned about inferring any underlying 409 evolutionary process from phylogenetic signal only (i.e. K in their study) (Revell, Harmon, & 410 Collar, 2008), we can draw some inferences from our data. Genetic drift should result in strong 411 phylogenetic signal, suggesting that head shape in aquatic snakes is likely under selection.
412
Several evolutionary scenarios can produce a low phylogenetic signal: 1) constant stabilizing 413 selection under a strong selective regime. This occurs when the range of optimal phenotypic 414 responses is limited, which could fit with our dataset, according to our experimental results; 2) 415 22 constant functional constraint with a high rate of evolution. This scenario is a stabilizing 416 selection with bounds, implying there is a range of phenotypes that would provide a similar 417 fitness and all phenotypes outside of this range have low or zero fitness. The distribution of 418 species around the center of the morphospace supports this hypothesis to some degree (Fig. 3) .
419
Given the crucial role of the head in snakes, it would not be surprising that stabilizing selection 420 on shape occurred in response to the different functions (e.g. protection of the brain, sensory 421 center, food acquisition and manipulation, defense against predators). Furthermore, this 422 scenario is supported by the high rate of evolution demonstrated previously to occur in snakes 423 (Sanders et al., 2013; Watanabe et al., 2019) . This hypothesis could be tested using another associated parameters (e.g. mutation rate) can impact the phylogenetic signal, these simulations (Chan & Kang, 2011; Lin & Liao, 2011) , but it is also known to be related to the shape of the 473 object (Vogel, 1994) .
474
Our results indicate that head shape strongly impacts the drag associated with a frontal 475 strike maneuver in aquatically foraging snakes and, to a smaller extent, the added mass 476 coefficient. Bulkier heads appear to have a better hydrodynamic profile than the slenderer 477 shapes, but even the least efficient of the aquatic foragers (PC1min, PC2min) are more 478 hydrodynamically efficient than the snakes that never forage under water (see orange dot in 479 Fig. 8 ). Thus, our results invalidate the hypothesis of many-to-one mapping of form to function, 480 but they support the hypothesis of a stabilizing selective regime with bounds associated with a 481 niche shift and conflicting phenotypic optima for different functions.
482
Stabilizing selection is supported by the intermediate hydrodynamic profile of the mean 483 shape, which represents the most species-dense area of the morphospace. Species that drive the 484 positive part of the morphospace (Fig. 3) long and thin head with larger eyes might allow them to have a larger binocular field of vision 500 and thus to be able to target their prey more accurately whereas more aquatic snakes might not 501 primarily rely on visual cues and thus show a reduced eye size (Hibbitts & Fitzgerald, 2005) .
502
Overall, the main axis of variation in our dataset seems to follow a trend from fully aquatic 503 species with bulky heads grouping at the "top of the tube" (PCmax) and the more terrestrial in the evolutionary trajectories of species and reveal adaptive changes related to specialization.
516
The fact we cannot highlight a clear-cut adaptive pattern unlike in adaptive radiations might 517 come from the lack of geographic isolation of our group. Most of adaptive radiations known to 518 date occurred on isolated areas such as islands or lakes (Losos & Mahler, 2010) , whereas 519 aquatically foraging snakes occupy an ecological transition zone, sharing their time between 520 land and water. Nevertheless, we demonstrated that the more they spend time in water, the more 521 specialized their head shape is in facing the hydrodynamic challenge. 
